HRAS is mutated in B15% of Spitz nevi, and GNAQ or GNA11 is mutated in blue nevi (46-83% and B7% respectively). Epithelioid blue nevi and deep penetrating nevi show features of both blue nevi (intradermal location, pigmentation) and Spitz nevi (epithelioid morphology). Epithelioid blue nevi and deep penetrating nevi can also show overlapping features with melanoma, posing a diagnostic challenge. Although epithelioid blue nevi are considered blue nevic variants, no GNAQ or GNA11 mutations have been reported. Classification of deep penetrating nevi as blue nevic variants has also been proposed, however, no GNAQ or GNA11 mutations have been reported and none have been tested for HRAS mutations. To better characterize these tumors, we performed mutational analysis for GNAQ, GNA11, and HRAS, with blue nevi and Spitz nevi as controls. Within deep penetrating nevi, none demonstrated GNAQ or GNA11 mutations (0/38). However, 6% revealed HRAS mutation (2/32). Twenty percent of epithelioid blue nevi contained a GNAQ mutation (2/10), while none displayed GNA11 or HRAS mutation. Eighty-seven percent of blue nevi contained a GNAQ mutation (26/30), 4% a GNA11 mutation (1/28), and none an HRAS mutation. Within Spitz nevi, none demonstrated GNAQ or GNA11 mutations (0/30). Seventeen percent contained an HRAS mutation (5/30). All GNAQ and GNA11 mutations were p.Q209L (c.626A4T) point mutations, except 2 GNAQ mutations, which contained novel c.625_626CA4TT double mutations. Four HRAS mutations were in exon 2, and three in exon 3. This is the first study to identify HRAS mutations in deep penetrating nevi. The presence of HRAS mutations and absence of GNAQ or GNA11 mutations in deep penetrating nevi suggests classification of these unusual nevi within the Spitz nevus category of melanocytic tumors, rather than the blue nevus category. Modern Pathology (2013) 26, 1320-1328; doi:10.1038/modpathol.2013.77; published online 19 April 2013 Keywords: blue nevus; deep penetrating nevus; epithelioid blue nevus; GNA11; GNAQ; HRAS; spitz nevus Melanocytic nevi with epithelioid cytomorphology include epithelioid and spindle cell (Spitz) nevi, epithelioid blue nevi, and deep penetrating nevi. Deep penetrating nevus, a term first coined by Seab et al, 1 are unusual melanocytic neoplasms difficult to classify. Deep penetrating nevi are uncommon but are of importance due to their histological and clinical overlap with melanoma. They most commonly present on the extremities, followed by the head and neck and upper trunk. 2 The age range at presentation is wide; however, as with Spitz nevi, deep penetrating nevi most commonly present in younger patients (adolescence and young adults). They typically present as predominantly dermal to focally compound melanocytic proliferations with extension into the reticular dermis particularly along adnexal structures and neurovascular bundles, often extending into the subcutis. They tend to have a relatively symmetric wedge-shaped nodular growth pattern, although superficial variants can occur. 2 A plexiform disposition is also often present. Deep penetrating nevi are composed of epithelioid melanocytes with abundant finely pigmented cytoplasm with associated pigment-laden macrophages. There is often a minor component of banal nevocellular nevus admixed with the deep penetrating nevus component (so-called 'combined nevus'). Random cytological atypia can be present in deep penetrating nevi,
Melanocytic nevi with epithelioid cytomorphology include epithelioid and spindle cell (Spitz) nevi, epithelioid blue nevi, and deep penetrating nevi. Deep penetrating nevus, a term first coined by Seab et al, 1 are unusual melanocytic neoplasms difficult to classify. Deep penetrating nevi are uncommon but are of importance due to their histological and clinical overlap with melanoma. They most commonly present on the extremities, followed by the head and neck and upper trunk. 2 The age range at presentation is wide; however, as with Spitz nevi, deep penetrating nevi most commonly present in younger patients (adolescence and young adults). They typically present as predominantly dermal to focally compound melanocytic proliferations with extension into the reticular dermis particularly along adnexal structures and neurovascular bundles, often extending into the subcutis. They tend to have a relatively symmetric wedge-shaped nodular growth pattern, although superficial variants can occur. 2 A plexiform disposition is also often present. Deep penetrating nevi are composed of epithelioid melanocytes with abundant finely pigmented cytoplasm with associated pigment-laden macrophages. There is often a minor component of banal nevocellular nevus admixed with the deep penetrating nevus component (so-called 'combined nevus'). Random cytological atypia can be present in deep penetrating nevi, as can occasional dermal mitoses (typically not 42 mitoses per mm 2 ). Despite their sometimes histologically alarming features, recurrence is uncommon and malignant transformation is exceptional in conventional deep penetrating nevi. 2 Deep penetrating nevi with atypical features (asymmetry, pleomorphism, 42 mitoses per mm 2 , prominent nucleoli, expansile growth, and/or an inflammatory host response) can be difficult to distinguish from melanoma on histological grounds. Moreover, there have been reports of atypical deep penetrating nevi with locoregional spread to lymph nodes. [3] [4] [5] [6] [7] Given the latter data and ambiguous histology, atypical deep penetrating nevi are often regarded as having uncertain malignant potential. 2 Deep penetrating nevi are considered by some authors to fall within the category of blue nevus, 8 due to some overlapping features, including heavy pigmentation, predominantly dermal growth pattern, and frequent HMB45 positivity. The possibility of subclassification into the Spitz nevus category has also been raised, due primarily to the presence of epithelioid cytomorphology in deep penetrating nevi. However, little research has been done at the molecular level to further characterize and subclassify these lesions. [9] [10] [11] Epithelioid blue nevi were initially described most commonly in association with Carney Complex. 12 Subsequently, similar lesions have been reported in patients without Carney Complex under various different names, including epithelioid blue nevi, 'animal-type melanoma', 'pigment synthesizing melanoma', and more recently 'pigmented epithelioid melanocytoma' (the latter a term proposed to encompass all three previously mentioned categories due to the significantly overlapping histopathological features and clinical behavior of the three entities 13 ). They most commonly present on the extremities and trunk but can occur at any site. The age range at presentation is wide, although presentation in young adulthood is most common. 13 Microscopically, epithelioid blue nevi are heavily pigmented dermal melanocytic proliferations usually with infiltration of dermal collagen at the periphery and occasional extension into the subcutis. They are composed of three cell types; pigmented round epithelioid melanocytes with prominent nucleoli, pigmented dendritic melanocytes, and scattered larger epithelioid cells with abundant less pigmented cytoplasm. Melanophages are also present. Occasional mitoses (typically o3 per mm 2 ) can be seen. The concept of epithelioid blue nevus/pigmented epithelioid melanocytoma as a low-grade melanoma/borderline tumor of unpredictable malignant potential is based on several case series demonstrating that while a subset of these lesions have metastasized (predominantly locoregionally), none has resulted in death, with a median clinical follow-up period of 5 years. 14 No histological features distinguish non-metastasizing lesions from those with metastatic potential.
Cutaneous melanocytic lesions, both benign and malignant, have been shown to harbor frequent activating mutations in the MAP kinase signaling pathway. For example, genetic analysis of Spitzoid melanocytic proliferations has revealed that approximately 15% of Spitz nevi harbor mutations in HRAS, typically in either exon 2 (codon 12 or 13) or exon 3 (codon 61). [15] [16] [17] [18] [19] This is in contrast to all spitzoid melanomas and conventional melanomas that have been analyzed to date, in which HRAS mutations are rare. 17, 19, 20 In addition, BRAF and NRAS mutations are uncommon in Spitz nevi, whereas they are common in melanomas. 21 Thus the presence of an HRAS mutation in a melanocytic neoplasm with Spitzoid morphology appears to favor the diagnosis of Spitz nevus, rather than a Spitzoid melanoma. To date, neither epithelioid blue nevi nor deep penetrating nevi have been analyzed for HRAS mutations in the literature.
Mutational analysis by sequencing has revealed that either GNAQ or GNA11 is frequently mutated in uveal melanomas and in blue nevi. 10, 11 GNAQ and GNA11 are GTP-binding proteins with a role in MAP kinase pathway activation. GNAQ and GNA11 have a role in dark skin pigmentation as evidenced by an increase in dermal melanocytes in the setting of GNAQ-or GNA11-activating mutations, 22 and thus GNAQ and GNA11 mutations in darkly pigmented dermal melanocytic tumors (ie, blue nevi, uveal melanoma, malignant blue nevi) are not surprising. To date, analysis of GNAQ, GNA11 or HRAS mutational status in epithelioid blue nevi has not been reported. Although GNAQ and GNA11 mutational status of a small sample set of Spitz nevi and deep penetrating nevi (19 Spitz nevi and 27 deep penetrating nevi) 10, 11 has been assessed in the literature, none demonstrated GNAQ or GNA11 mutation. (Table 1) .
To better characterize these uncommon and sometimes diagnostically challenging melanocytic tumors, we performed mutational analysis for HRAS, GNAQ, and GNA11 on deep penetrating nevi and epithelioid blue nevi.
Materials and methods
Cases diagnosed as deep penetrating nevi and epithelioid blue nevi between 2005 and 2011 were retrieved from our case files at Miraca Life Sciences, Newton, MA, USA. Cases diagnosed as Spitz nevi and blue nevi between 2009 and 2010 were also retrieved as controls. All the diagnoses were independently confirmed by two dermatopathologists (JR and EV) as meeting definitive criteria for each of the diagnostic categories (Spitz nevus, epithelioid blue nevus, deep penetrating nevus, blue nevus). Those that did not meet stringent criteria, or where there was disagreement as to the diagnosis, were excluded. Criteria for the diagnosis of deep penetrating nevus were: primarily intradermal location within the reticular dermis; plexiform growth pattern, and a wedge-shaped silhouette; epithelioid melanocytes with vesicular chromatin and clear or finely pigmented cytoplasm; extension along neurovascular and/or adnexal structures; no or occasional mitoses; and frequent admixed melanophages. Criteria for epithelioid blue nevus were: primarily intradermal location; medium-sized epithelioid melanocytes with vesicular chromatin and heavily pigmented cytoplasm; larger epithelioid melanocytes with prominent nucleoli and abundant less pigmented cytoplasm; spindled dendritic melanocytes; frequent admixed melanophages; and no or occasional mitoses. Criteria for Spitz nevi and blue nevi were as described. 23 The study was approved by and performed in accordance with Miraca Life Sciences IRB protocol requirements.
A board certified dermapathologist (JR) reviewed an H&E slide of each tumor sample and determined the percentage of tumor nuclei within the area to be macrodissected, with a minimum of 70% tumor nuclei present. Each specimen was macrodissected and DNA was extracted using the Qiagen FFPE Tissue DNA Kit (Qiagen). DNA was then amplified with primers flanking exons 4 and 5 of GNAQ and GNA11 and exons 2 and 3 of HRAS.
The M13-linked primer sequences used are as follows (M13 linkers written in lower case): exon 4
0 -tgtaaaacgacggccagtcAGAGGCTGGCTGT GTGAACT-5 0 ; and exon 3 HRAS reverse 3 0 -aacagc tatgaccatgTCACGGGGTTCACCTGTACT-5 0 . PCR amplification was performed with 0.4 mM forward and reverse primer, high fidelity Taq polymerase (Invitrogen), and buffer supplied by the manufacturer in 25 ml reactions.
Touchdown PCR thermocycle conditions are as follows: 94 1C 0 . Cycle sequencing products were resolved using an ABI 3730 instrument (Applied Biosystems) and data were analyzed by a board certified molecular geneticist using Mutation Surveyor (Soft Genetics).
Results
Patient demographics and genotyping are summarized in Table 2 . 10 Malignant blue nevus
Deep penetrating nevus 
Deep Penetrating Nevi
A total of 38 deep penetrating nevi were retrieved from our files. Of these patients, 24 were female, 13 were male, (gender was not available for 1 case), for a M:F ratio of approximately 1:2. As in the literature, the most common site was the extremities (11 on the legs, 7 on the arms), followed by the trunk (12) and head and neck (7). We could not retrieve the site data for one patient. Ages ranged from 12 to 77 years (mean age: 33 years, median age: 30 years). Six percent of deep penetrating nevi (2/32) contained HRAS mutations (cases 34 and 35), 1 in exon 2 (p.G13R, c.37G4C point mutation) and 1 in exon 3 (p.Q61L, c.182A4T point mutation). Both cases displayed the typical features of a deep penetrating nevus, with primarily intradermal location, plexiform growth in the dermis, epithelioid melanocytes with vesicular chromatin and abundant dusky cytoplasm, extension down neurovascular bundles, and admixed melanophages (Figure 1 ). Intranuclear pseudo-inclusions (frequently seen in deep penetrating nevi) were also present (Figures 1c and f) . No significant pleomorphism was identified in either case; however, case 34 contained a mitosis (Figure 1f) . In comparison to all the other deep penetrating nevi tested, no distinctive histological features distinguished these two cases from the others in this study nor from the diagnostic criteria delineated in the literature for deep penetrating nevi. None of the deep penetrating nevi analyzed contained GNAQ or GNA11 mutations (0/38 and 0/33, respectively).
Epithelioid Blue Nevi
Epithelioid blue nevi were the least common of the nevic subtypes in our study, with just 11 confirmed cases in our files within the 6 years of retrieved data. The M:F ratio was 1.5:1 (4 female, 6 male; gender was not available for 1 case). The age ranged from 16 to 88 years (mean age: 49 years, median age: 46 years). The most common anatomical location was the extremities (4 on the arms, 1 on the leg), followed by the trunk (4). Twenty percent of epithelioid blue nevi (2/10) demonstrated a GNAQ mutation, whereas none (0/10) displayed a GNA11 mutation. Both GNAQ mutations were exon 5 p.Q209L, c.626A4T point mutations. None of the epithelioid blue nevi (0/6) contained a HRAS mutation. No distinctive histological features separated the epithelioid blue nevi with GNAQ mutations from those without a mutation (Figures 2a and b) .
Spitz Nevi
Thirty Spitz nevi were retrieved from our files. Six patients were male, and 24 were female, for a M:F ratio of 1:4. The age ranged from 5 to 55 years (mean age: 28 years, median age: 27 years). The most common site was the extremities (6 on the arms, 11 on the legs), followed by the trunk (11) , and then the head and neck (2) .
HRAS mutation was found in 17% (5/30) of Spitz nevi. Three were in exon 2 (p.G13R c.37G4C point mutations), and two were in exon 3 (p.Q61L c.182A4T point mutations). None demonstrated GNAQ or GNA11 mutations (0/30). Histological evaluation of the Spitz nevi with HRAS mutations revealed some findings similar to the features previously characterized in Spitz nevi with HRAS mutations; 15, 16 however, distinct differences were also noted. As mentioned previously, the HRASmutated Spitz nevi in our study also showed delicate infiltration of the dermal collagen by melanocytes at the base of the lesion. This finding was not specific to the HRAS-mutated Spitz nevi in our study, as 8 of the 25 non-mutated Spitz nevi also displayed this pattern of growth at the base. Unlike in the previous studies, which highlighted primarily intradermal location as a distinctive feature, the majority of the HRAS-mutated Spitz nevi in our study were compound (3), Figures 2c and d , rather than purely intradermal (1), and only 2 showed stromal desmoplasia with single cells between collagen bundles. Of note, 4 of the 25 non-mutated Spitz nevi were hypocellular and 7 of them showed desmoplasia. In addition, the majority of the five HRAS-mutated Spitz nevi were cellular (Figures 2c  and d) , while just two displayed the hypocellular appearance described as a distinctive feature by van Engen-van Grunsven et al. 16 One of the HRASmutated Spitz nevi was also heavily pigmented (Figure 2e ), unlike the hypopigmentation described in the previous study. One of the HRAS-mutated Spitz nevi displayed atypical features, including focal pleomorphism and occasional mitoses (case 104, Figure 2d ).
Blue Nevi
Thirty blue nevi were analyzed. Of these, 19 were female and 11 were male, for a M:F ratio of 1:1.7. The age range was from 6 to 78 years (mean age: 33 years, median age: 32.5 years). The most common site was the buttocks (9), followed by the scalp (8), extremities (6 on the arm, 1 on the leg), and acral (4 on the hands, 1 on the foot).
The majority of blue nevi (87%; 26/30) displayed GNAQ mutations, all in exon 5. Most of the mutations were p.Q209L, c.626A4T point mutations, with the exception of two cases that contained novel p.Q209L, c.625_626CA4TT double mutations (cases 23 and 27). A GNA11 mutation was found in one blue nevus (1/28; 4%), which was an exon 5 p.G209L, c.626A4T point mutation. None of the blue nevi samples tested contained a HRAS mutation (0/28).
Discussion
We have analyzed deep penetrating nevi and epithelioid blue nevi for GNAQ, GNA11, and HRAS mutations, to further characterize and compare these unusual melanocytic neoplasms to other epithelioid and primarily intradermal melanocytic nevi, namely Spitz nevi and blue nevi. Approximately one-third of Spitz nevi show copy number gains in chromosome 11p, with 15% harboring an activating HRAS mutation. Previous to this study, no other nevic variants other than Spitz nevi have demonstrated HRAS mutations. Although HRAS mutations have been reported in melanoma, it appears to be rare. The presence of a GNAQ or GNA11 mutation characterizes the majority of blue nevi (485%). The distinct histological features of deep penetrating nevi have been detailed previously in the literature; however, molecular analysis of these lesions has been limited. Due to their primarily intradermal location and pigmentation, classification as a variant of a blue nevus, particularly an epithelioid blue nevus, has been proposed, and consideration has also been given to classification of deep penetrating nevi within the Spitz nevus category. This study is the first to analyze deep penetrating nevi for HRAS mutations, the largest series to assess deep penetrating nevi for GNAQ and GNA11 mutations, the first to test blue nevi for HRAS mutations, and the first to analyze epithelioid blue nevi for both HRAS and GNAQ and GNA11 mutations. The presence of GNAQ mutations and the absence of HRAS mutations in the epithelioid blue nevi in our study provides molecular support for the classification of these tumors as true variants of blue nevi, while the presence of HRAS mutations and the absence of GNAQ or GNA11 mutations in deep penetrating nevi suggest similarity to Spitz nevi rather than blue nevi. As both deep penetrating nevi and epithelioid blue nevi can pose a diagnostic challenge due to overlapping clinical as well as histological findings, and both have shown the propensity for locoregionally aggressive behavior on rare occasion, the identification of mutations in HRAS and GNAQ could be used as valuable diagnostic tools to help differentiate these nevi from each other as well as from melanoma.
HRAS belongs to the RAS gene family, which also includes NRAS and KRAS. Although NRAS is mutated in a significant subset of melanomas (approximately 20%), of those analyzed in the literature, HRAS mutation in melanoma appears to be rare. 15, [17] [18] [19] [24] [25] [26] [27] In addition, all published cases of HRAS-mutated Spitz tumors with clinical followup have behaved in a benign fashion, suggesting that the presence of a HRAS mutation in a lesion with Spitzoid morphology is a good prognostic indicator. [15] [16] [17] The presence of an activating HRAS mutation in 6% of deep penetrating nevi in our study sheds new light on the molecular pathogenesis of these tumors. As in both benign Spitz nevi with HRAS mutations, and BRAF mutations in a majority of benign melanocytic nevi, a RAS mutation is not sufficient to promote malignant change within a nevus. It is interesting to note that one of the two HRAS-mutated deep penetrating nevi in our study had atypical features, namely the presence of an atypical deep mitosis. As in Spitz nevi with atypical features, the presence of a HRAS mutation may support a benign prognosis, a hypothesis which will need to be tested further. Interestingly, our study suggests a broader array of histological findings in HRAS-mutated Spitz nevi (and consequent difficulty in predicting the presence of a HRAS mutation based on morphology) than in previous studies. Of the features listed previously in the literature as distinct to Spitz nevi with HRAS mutations (single cells between collagen bundles, infiltrative base, desmoplasia, predominantly intradermal location, and relatively low cellularity (the latter seen in B42% of cases), 15, 16 the only feature we found to overlap with the HRASmutated Spitz nevi in our study was an infiltrative base with dispersion of melanocytes around reticular collagen bundles. This finding, however, was not specific to HRAS-mutated Spitz nevi in our study, as a significant subset of non-HRAS-mutated Spitz nevi also displayed this growth pattern (8 of 25) . In addition, while 2 of the 5 HRAS-mutated Spitz nevi in our study demonstrated desmoplasia with single cells between collagen bundles, 7 (28%) of non-HRAS-mutated Spitz nevi in our study also showed this growth pattern. Although it is possible that these previously mentioned Spitz nevi had HRAS mutations below the level of assay detection (the lower limit of sensitivity for sanger sequencing is approximately 20%), given the relatively high number (32 and 28%), it is somewhat unlikely that this is true for all of these cases, as the percentage of tumor to non-tumor present in the area of DNA extraction was high. The majority of the HRAS-mutated Spitz nevi were cellular without desmoplasia, which also argues against the presence of desmoplasia and single-cell dispersion as being features distinctive to HRAS-mutated Spitz nevi.
GNAQ and GNA11 are G-protein alpha subunits that mediate signals between G-coupled protein receptors and their associated downstream pathways. In mice, germline mutation in either of these proteins results in skin hyperpigmentation due to an increase in dermal melanocytes and melanin pigment. 22 In addition to blue nevi, GNAQ or GNA11 mutations have been found in uveal melanomas as well as malignant blue nevi. 10, 11 Epithelioid blue nevi are associated with Carney Complex and also occur sporadically. In a series of 34 sporadic epithelioid blue nevi with molecular analysis for protein kinase A regulatory subunit 1a R1a (a protein mutated in over half of patients with Carney Complex), none of these lesions harbored R1a mutations, although 82% did demonstrate loss of expression by immunohistochemistry. 28 Other than the previously mentioned study, molecular analysis has been limited on these lesions and is comprised mainly of fluorescence in situ hybridization or BRAF mutation assessment of small case numbers, none of which demonstrated discernible chromosomal aberrations. 29, 30 Our study is the first to analyze epithelioid blue nevi for HRAS, GNAQ, and GNA11 mutations. The presence of GNAQ mutations in a subset of epithelioid blue nevi further confirms categorization of these lesions as true blue nevic variants. Although the percentage of epithelioid blue nevi with GNAQ mutations was less (20%) in our study than has been reported in the literature for conventional blue nevi (up to B80%), our sample size for epithelioid blue nevi was small and thus may not be representative of the true incidence of GNAQ and GNA11 mutation in this subcategory of blue nevi. Despite their epithelioid cytomorphology, none demonstrated HRAS mutations. The number of epithelioid blue nevi cases in our series is small, however, and molecular characterization in additional studies of these uncommon nevi would be helpful.
In summary, our data suggest that deep penetrating nevi, in addition to sharing some morphological similarity to Spitz nevi, also share similarities at the molecular level and appear to be unrelated to blue nevi at the molecular level. Although the ability to generalize is hampered by the rarity of epithelioid blue nevi and the consequent small sample size of these nevi in our study, the presence of a detectable GNAQ mutation in this cohort tends to support their classification as blue nevi, despite their unique epithelioid morphological appearance. No distinguishing histopathological features were found to distinguish the HRAS-mutated deep penetrating nevi from the non-HRAS-mutated ones, and in contrast to previous studies, the morphological spectrum of HRAS-mutated Spitz nevi appears to be broader and less distinctive than has been suggested. Mutational as well as cytogenetic analysis of melanocytic tumors with atypical histopathological features (melanocytic tumors of uncertain biological potential) has recently become a frequently utilized tool to aid in the diagnostic and prognostic classification of these tumors, due to the relative ease with which mutational status can be assessed for via targeted sequencing assays. As has been proposed previously for atypical Spitz tumors, mutational analysis for BRAF and HRAS in addition to cytogenetic analysis may also be informative in deep penetrating nevi with atypical features. Future studies will be helpful in assessing the true frequency of HRAS and GNAQ or GNA11 mutations in deep penetrating nevi and epithelioid blue nevi, respectively, as well as studies with long-term clinical follow-up of both mutated and non-mutated forms of these unusual tumors.
